Neuronal activity is accompanied by transmembranous ion fluxes that cause cell volume changes. In whole mounts of the guinea pig retina, application of glutamate resulted in fast swelling of neuronal cell bodies in the ganglion cell layer (GCL) and the inner nuclear layer (INL) (by ϳ40%) and a concomitant decrease of the thickness of glial cell processes in the inner plexiform layer (IPL) (by ϳ40%) that was accompanied by an elongation of the glial cells, by a thickening of the whole retinal tissue, and by a shrinkage of the extracellular space (by ϳ18%). The half-maximal effect of glutamate was observed at ϳ250 M, after ϳ4 min. The swelling was caused predominantly by AMPAkainate receptor-mediated influx of Na ϩ into retinal neurons. Similar but transient morphological alterations were induced by high K ϩ and dopamine, which caused release of endogenous glutamate and subsequent activation of AMPA-kainate receptors. Apparently, retinal glutamatergic transmission is accompanied by neuronal cell swelling that causes compensatory morphological alterations of glial cells. The effect of dopamine was elicitable only during light adaptation but not in the dark, and glutamate and high K ϩ induced stronger effects in the dark than in the light. This suggests that not only the endogenous release of dopamine but also the responsiveness of glutamatergic neurons to dopamine is regulated by light-dark adaptation. Similar morphological alterations (neuronal swelling and decreased glial process thickness) were observed in whole mounts isolated immediately after experimental retinal ischemia, suggesting an involvement of AMPA-kainate receptor activation in putative neurotoxic cell swelling in the postischemic retina.
Introduction
Glial cells play crucial roles in supporting neuronal survival and information processing (Newman and Reichenbach, 1996) : they regulate the extracellular homeostasis of relevant ions including K ϩ , control the water content of the extracellular space, and mediate the rapid termination of neuronal activity by transmitter uptake from the synaptic cleft (Matsui et al., 1999) . In the retina, neuronally released K ϩ , water, and glutamate are cleared from the extracellular space mainly by the radial glial (Müller) cells. Retinal glial cells display a complex pattern of K ϩ channel expression in their plasma membranes that directs the flow of neuronally released K ϩ into the glial cell bodies and farther into the vitreous and the blood vessels (Kofuji et al., 2002) . Parallel water fluxes were suggested to be coupled to the transglial K ϩ fluxes (Nagelhus et al., 1999) . The K ϩ and water fluxes, generated by neuronal activity and mediated by glial cells, are accompanied by swelling of cells and shrinkage of the extracellular space caused by the decreased extracellular osmolality (Dietzel et al., 1980; Jendelová and Syková, 1991; Syková, 1991) . Cell volume alterations are important, particularly under pathological conditions such as epilepsy and ischemia in which overexcited neurons release large amounts of glutamate and K ϩ (Adachi et al., 1972; Glass and Dragunow, 1995; Nicholson and Syková, 1998) . Increased extracellular glutamate may evoke slow swelling of retinal glial cells resulting from the influx of Na ϩ , which drives the glial glutamate transporters (Izumi et al., 1996) , and high K ϩ may cause swelling of astrocytes mediated by the Na-K-2Cl cotransport (Walz and Hinks, 1985; MacVicar et al., 2002) . Spreading depression, a profound transient and progressing depolarization of neurons and glia (Somjen, 2001) , is accompanied by cell swelling and can be blocked by antagonists of NMDA receptors, whereas blockers of AMPA-kainate receptors are essentially ineffective (Anderson and Andrew, 2002) .
With the exceptions of the relatively slow glutamate-evoked swelling of glial cells (Izumi et al., 1996) and the cell volume changes during spreading depression, little is known about fast neurotransmitter-induced morphological alterations of glial and neuronal cells in the normal vertebrate retina. Here we show that retinal glial cells quickly and strongly change their shape when glutamate is applied to retinal whole mounts and that this effect is induced by glutamate-evoked neuronal cell swelling. At least one other neurotransmitter, dopamine, exerts a similar effect on retinal cell morphology. Because dopamine plays a crucial role in retinal light adaptation and in signaling night-day transitions of retinal activity (Morgan and Boelen, 1996) , we studied the glutamate-, high K ϩ -, and dopamine-induced morphological alterations during light versus dark adaptation and found significant differences between these two functional states. Furthermore, because glutamate excitotoxicity has been implicated in the pathomechanism of neuronal degeneration in the postischemic retina (Osborne et al., 2004) , we investigated the morphological alterations of neuronal and glial retinal cells immediately after pressure-induced retinal ischemia.
Materials and Methods
Materials. LY341495, L-anti-endo-3,4-methanopyrrolidinedicarboxylate (MPDC), and D,L-threo-␤-benzyloxyaspartate (TBOA) were from Tocris (Bristol, UK). ATP and GABA were purchased from Serva Electrophoresis (Heidelberg, Germany). All other substances were from SigmaAldrich (Taufkirchen, Germany), unless stated otherwise.
Whole-mount preparation and dye loading. The experiments were performed on acutely isolated retinal whole mounts of adult guinea pigs. The animals were kept in a 12 hr light/dark cycle; food and water were available ad libitum. All experiments were performed at room temperature. The animals were anesthetized deeply with urethane (2 gm/kg, i.p.) before decapitation. Pieces of retinal whole mounts (5 ϫ 5 mm) were explanted and mechanically fixed in a perfusion chamber, with their vitreal surface up. The whole mounts were loaded with Mitotracker Orange (chloromethyltetramethylrosamine, 10 M; Molecular Probes, Eugene, OR) resolved in extracellular solution; stem solution was made in dimethylsulfoxide (DMSO). For some records, whole mounts were loaded simultaneously with Mitotracker Deep Red and FM 1-43 (Molecular Probes), a vital dye that stains cell membranes. After an incubation time of 1-3 min, the tissues were examined using a confocal laser scanning microscope (LSM 510 META; Zeiss, Oberkochen, Germany) by viewing from the vitreal side. Mitotracker Orange was excited at 543 nm; emission was recorded with a 560 nm long-pass filter. Mitotracker Deep Red and FM 1-43 were excited at 633 and 488 nm, respectively; emissions were recorded by using 650 and 560 nm long-pass filters. Reflection images of the retina were acquired using a 650 nm HeNe laser and a 340 nm long-pass filter. Images were taken from a 230 ϫ 230 m area. Most experiments were performed in normal room light; experiments in the dark were made after 24 hr adaptation of the animals. Isolation of the retina and mechanical fixing of the whole mounts were performed under red light. To compare responses during light and dark conditions, reflection images of the unstained retina were recorded between 1 and 3 P.M. (light) and 6 and 8 P.M. (dark), respectively.
Solutions. The recording chamber was perfused continuously with extracellular solution; test substances were added by fast changing (10 sec) of the perfusate. The extracellular solution consisted of (in mM): 110 NaCl, 3 KCl, 2 CaCl 2 , 1 MgCl 2 , 1 Na 2 HPO 4 , 10 HEPES, 11 glucose, and 25 NaHCO 3 , adjusted to pH 7.4 with Tris, and bubbled with carbogen (95% O 2 , 5% CO 2 ). The nominally Ca 2ϩ -free extracellular solution contained 0.1 mM CaCl 2 and 1 mM EGTA. The tissue was preincubated for at least 10 min with calcium-free solution before test substances were added. Na ϩ -free solution was achieved by replacing NaCl by choline chloride; elevation of the K ϩ concentration was made by equimolar reduction of Na ϩ . For preparation of the low-Cl Ϫ solution, sodium gluconate or sodium methylsulfate was substituted for NaCl. Low-and high-osmolarity solutions were made by reducing and increasing, respectively, the NaCl content of the bath solution.
Calcium imaging. Whole mounts of isolated retinal pieces were placed, with their vitreal surface up, in the perfusion chamber and incubated for 1 hr at room temperature in extracellular solution containing two different calcium-sensitive fluorescence dyes, Fluo-4 AM (11 M) and furaRed AM (17 M; Molecular Probes). Stock solutions of the dyes were made in DMSO plus pluronic F-127 (2%). After loading with fluorescence dyes, retinal whole mounts were perfused with extracellular solution for at least 10 min before application of test substances. The fluorescence dyes were excited at 488 nm; the emission of Fluo-4 was recorded with a bandpass filter between 505 and 550 nm, and the emission of fura-Red was recorded with a 650 nm long-pass filter. Images were taken every 5 sec.
Imaging of single dye-filled glial cells and of the intrinsic optical signal. To determine the glutamate-evoked elongation of Müller cells and the thickening of the retinal tissue, single Müller cells in acutely isolated retinal slices (thickness, 1 mm) were iontophoretically filled with a saturated solution of Lucifer yellow. The pipettes (5 M⍀) were located near the vitreal surface of the slices, and the dye was injected by applying negative 10 V pulses of 300 msec duration at 2.5 Hz. Lucifer yellow was excited at 430 nm, and emission Ͼ470 nm was recorded every second by using a conventional imaging system (Till Photonics, Gräfelfing, Germany). Simultaneously, the intrinsic optical signals of the slices were recorded as transmission of infrared light at 890 nm.
Measurement of the extracellular space volume. Microelectrodes selective for tetramethylammonium (TMA) were used to measure TMA ϩ concentration in the extracellular space reflecting the volume of this space. TMA ϩ -selective microelectrodes were prepared as described for K ϩ -selective electrodes (Syková, 1992) ; the ion exchanger was Corning 477317 (Fluka, Milwaukee, WI), but the ion-sensing barrel was backfilled with 100 mM TMA chloride instead of 150 mM KCl. The microelectrode was connected to the reference electrode, which was filled with NaCl (150 mM), and both electrodes were placed in the inner plexiform layer by using infrared microscopy. TMA ϩ (100 M) was added to the extracellular solution. The electrodes were calibrated before and after each experiment in a sequence of solutions of 150 mM NaCl plus 3 mM KCl with the addition of different concentrations of TMA chloride. Because the thinness of the guinea pig retina did not allow us to use the real-time iontophoretic method to determine the absolute values of the extracellular space volume (Nicholson and Syková, 1998) , only relative changes of the extracellular space volume were calculated from the changes of the TMA ϩ baseline concentrations. Ischemia model. Retinal ischemia was induced in one eye of adult guinea pigs, and the other eye remained untreated and served as control. Ketamine/xylazine anesthesia was induced, and the anterior chamber of the treated eye was cannulated from the pars plana with a 27 gauge infusion needle connected to a bag containing normal saline. The intraocular pressure was increased to 160 mmHg for 60 min by elevating the saline bag; immediately after the end of ischemia, retinal whole mounts and slices were acutely isolated.
Data analysis. The diameters of Müller cell trunks in the IPL were measured by analyzing the Mitotracker Orange fluorescence or the reflection data by using a computer program based on an erosion algorithm programmed with Delphi 6 personal free trial version (Borland, Scotts Valley, CA). In each whole mount investigated, the glial cell profiles present in three areas of 57.5 m 2 were measured, and the mean areas of ϳ80 trunks in the IPL were calculated, assuming a circular cross section. The diameters of nerve cell bodies were measured manually using the LSM software, and the cross-sectional areas were calculated. To evaluate the calcium responses, the fluorescence ratio F Fluo-4 /F fura-Red was calculated. Subsequently, the values were normalized to the prestimulus baseline value by calculation of the ratio F/F 0 , where F 0 represents the mean baseline fluorescence ratio that was calculated using the mean of the last 10 values before agonist application. Statistical analysis (unrelated or paired t test) was made using the Prism program (Graph Pad Software, San Diego, CA); n represents the number of whole mounts or slices investigated. Statistical significance was accepted at p Ͻ 0.05.
Results

Glutamate-evoked morphological alterations
To detect activity-dependent cellular reshaping within the retina of the guinea pig, confocal recordings were made in acutely isolated retinal whole mounts within the GCL, IPL, and INL, respectively ( Fig. 1 A) . The vital dye, Mitotracker Orange, selectively stained glial (Müller) cells in the whole mounts . The view of the GCL ( Fig. 1 B, left) displays dark round somata of neuronal cells and green fluorescent cross sections through glial cell end feet surrounding the neuronal cell bodies. The optical section through the IPL (Fig. 1C, left) show cross sections through vitreal trunks of retinal glial cells (large green profiles) and a pattern of small red structures, representing synaptic elements that reflect light. The view of the INL reveals unstained neuronal cell bodies and green fluorescent glial cell bodies ( Fig. 1 D, left) .
Bath application of glutamate (1 mM) for 10 min resulted in a reversible swelling of nerve cell bodies in the GCL ( Fig. 1 B, left) and INL ( Fig. 1 D) , accompanied by a reversible decrease of the thickness of the glial cell profiles in the IPL (Fig. 1C , left) and INL ( Fig. 1 D) . Without agonist, the cross-sectional areas of the profiles in the IPL remained constant for at least 30 min (100.6 Ϯ 3.4%; n ϭ 10; not significant). Histograms showing the crosssectional areas of nerve cell bodies in the GCL ( Fig. 1 B, middle) and glial cell profiles in the IPL (Fig. 1C , middle) under control conditions versus glutamate exposure reveal this opposite modulation of the morphological parameters of glial and neuronal elements. The cross-sectional area of the neuronal cell bodies in the GCL increased by ϳ40% compared with control in the presence of glutamate (1 mM) (n ϭ 3; p Ͻ 0.05) ( Fig. 1 B, right) , whereas the thickness of the glial cell profiles in the IPL decreased by ϳ40% (n ϭ 3; p Ͻ 0.01) (Fig. 1C, right) .
The glutamate-evoked decrease of the cross-sectional area of glial cell bodies and trunks was accompanied by an elongation of the cells, suggesting that the decrease of glial cell process thickness may be compensated to maintain the volume of the cells. Recordings of the intrinsic optical signals of retinal slices revealed that the inner retinal layers, especially, became thicker during exposure to glutamate (Fig. 2 Aa) . Recordings of the fluorescence signals of single dye-filled glial cells showed that the distance between the cell soma (which lies within the INL) and the cell end foot (which abutts the vitreous body, in situ) became longer ( Fig.  2 Ab,Ac). The inner retinal part of the glial cells elongated by 16.9 Ϯ 4.2% (n ϭ 4; p Ͻ 0.05) in the presence of glutamate, whereas the outer retinal part remained essentially unaltered (Fig. 2 B) . In additional experiments, the cross-sectional area of the glial cell profiles in the IPL was recorded to monitor the morphological alterations in the retina.
The glutamate effect on glial cell shape was dose and time dependent and stereo specific: L-glutamate decreased the area of the glial cell profiles, whereas application of D-glutamate (1 mM for 10 min) resulted in a slight reversible increase of their thickness (Fig. 1C, right) . Glutamate concentrations Ͼ100 M decreased the profile area; the half-maximal effect was observed at ϳ250 M, and concentrations Ͼ500 M displayed maximal effects (Fig. 3A) . The glutamate effect became visible 1-2 min after the onset of agonist application, was maximal after 10 min of agonist exposure, and remained constant as long as glutamate was present in the bath (for at least 30 min) (Fig. 3B) . The recovery after washout of glutamate was slow; after a 30 min washout period, the profile area was restored to 89.5 Ϯ 2.2% of control (n ϭ 3; p Ͻ 0.01) (Fig. 3C ).
Receptor subtype involved in glutamate-evoked morphological alteration
To determine the subtypes of glutamate receptors involved in the morphological alterations of retinal glial cells, several different receptor agonists were tested. Among the glutamate receptor agonists tested (kainate, AMPA, NMDA), only kainate was able to mimic the effect of glutamate (Fig. 3D) , and among the glutamate receptor and uptake blockers tested (CNQX, LY341495, The view of the GCL-NFL shows unstained somata that are surrounded by glial cell end feet that are green labeled by Mitotracker Orange. The images were recorded before (control), 10 min after the onset, and 40 min after the end of agonist application. Middle, Scatter plot of the cross-sectional areas of neuronal cell bodies (in square micrometers) within the GCL-NFL that were measured before and during glutamate exposure (n ϭ 208 somata from 4 whole mounts), clearly showing agonist-evoked cell body swelling. Right, Mean (ϮSD) cross-sectional areas of neuronal cell bodies within the GCL-NFL before (control), 10 min after the onset, and 40 min after the end of glutamate application. (Data were obtained from 88 cells from 3 whole mounts.) C, Recordings were made with the focal plane at the IPL displaying profiles through Müller cell stem processes (green stained by Mitotracker) and synaptic structures between them (red). Application of L-glutamate (1 mM) for 10 min decreased reversibly the thickness of the glial cell profiles. The recovery was recorded after 30 min washout. Middle, Histogram showing cross-sectional areas of glial cell profiles (in square micrometers) in the IPL (n ϭ 105 cells from 3 whole mounts) that were measured before and during agonist application. Right, Mean (ϮSD) cross-sectional areas of glial cell profiles within the IPL before (control) and 10 min after application of L-glutamate (1 mM) or D-glutamate (1 mM). The data were obtained in five independent experiments. D, L-Glutamate-evoked morphological alterations in the INL. After a 10 min agonist exposure, the neuronal cell bodies (dark round structures) were swollen, whereas the green-stained glial cell bodies displayed a decreased thickness. Scale bars, 20 m. Significant differences versus control:
• p Ͻ 0.05;
MK-801, MPDC, TBOA), only the AM-PA-kainate receptor-selective blocker CNQX inhibited the effect of glutamate (Fig. 3F ) . The data suggest that activation of AMPA-kainate receptors mediated the glutamate effect on glial cell morphology. Kainate exerted its effect faster than glutamate: the maximal effect was observed after 4 min (compared with 10 min during glutamate exposure) (Fig. 3E) . Glial (Müller) cells of the guinea pig retina do not express functional AMPAkainate receptors. This conclusion is based on the following observations. (1) In whole-cell patch-clamp experiments, both in situ and on acutely isolated cells, extracellular application of glutamate (1 mM) or kainate (1 mM) did not modify the whole-cell conductance (T. Pannicke, personal communication) . (2) In calcium imaging experiments on acutely isolated Müller cells, extracellular application of glutamate (1 mM) did not induce any alteration of the intracellular free calcium concentration, whereas extracellular ATP (100 M) evoked a transient calcium response (data not shown). Comparable results were obtained in fluorimetric calcium imaging experiments on retinal whole mounts (Fig. 4) . (3) Bath application of glutamate (1 mM) evoked intracellular calcium rises in neuronal cell bodies within the GCL (Fig. 4, right top) and in the synaptic structures in the IPL (Fig. 4 , right bottom), whereas glial cell structures (both end feet in the GCL and profiles in the IPL) did not show any significant response; application of ATP (200 M) did evoke transient calcium rises in glial cells but not in neuronal cells (Fig. 4, left) . It is concluded that the glutamate effect on glial cell morphology is mediated indirectly by AMPA-kainate receptors on retinal neurons.
Mechanism of glutamate-evoked morphological alterations of glial cells
The glutamate effects on glial cell morphology may be caused by different mechanisms such as transmembrane osmolyte fluxes and accompanying water shifts (which may alter the volume of the cells) or alterations of the cytoskeleton (which may change the cell shape). Neuronal activity is accompanied by increases of the extracellular K ϩ concentration, and glial cells mediate retinal K ϩ fluxes from the tissue into the vitreous via K ϩ channels (Newman and Reichenbach, 1996) . To detect a possible involvement of K ϩ channels, the K ϩ channel blockers TEA and Ba 2ϩ were tested. TEA (1 mM) has been shown to block distinct types of K ϩ channels in retinal glial cells (Bringmann et al., 1997) , whereas Ba 2ϩ (1 mM) fully blocks the main membrane conductance mediated by inwardly rectifying K ϩ channels (Reichelt and Pannicke, 1993) . The glutamate-evoked shrinkage of the glial cell profiles in the IPL was not blocked by either TEA or Ba 2ϩ (Fig. 5A) , suggesting that the effect was not mediated predominantly by ion fluxes through K ϩ channels. Furthermore, a blocker of the Na-K-2Cl cotransport, furosemide, was without effect (Fig.  5A) . The glutamate effect was blocked in Na ϩ -free or low-Cl Ϫ extracellular solutions (Fig. 5A) , however, which suggests that an influx of Na ϩ into retinal neurons, possibly via open AMPA-kainate receptor channels, and a simultaneous influx of Cl Ϫ ions is a step in the signaling cascade mediating the morphological changes of retinal glial cells. Two different Cl Ϫ channel blockers [flufenamic acid and 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB)], as well as picrotoxin, did not inhibit the glutamate-evoked morphological alterations (Fig. 5A) . A Ca 2ϩ influx into retinal cells seems not to be required, because neither Ca 2ϩ -free extracellular solution nor a solution that was supplemented with tetrodotoxin (1 M) plus Cd 2ϩ (100 M) modified the glutamate action on glial cells (Fig. 5B ). An increase of the osmolarity of the bath solution (by increasing its Na ϩ content) caused a thickening of the glial cell trunks, whereas a decrease of the osmolarity was without significant effect (Fig. 5C ). Similarly, a hypotonic solution that was prepared by diluting the extracellular solution to 60% ionic strength was without effect (Fig. 5D) . A similar lack of effect of hypotonic solution on the cell volume has been described recently in glial cells of the rat retina (Pannicke et al., 2004) . Addition of taurine to the extracellular solution did not change the glutamate-evoked morphological alterations (Fig. 5E) .
To test whether the morphological changes of glial cells depend on their cytoskeleton, different inhibitors were tested. Nocodazol, a microtubules-destabilizing drug, did not change the effect of glutamate on glial cells (Fig. 5F ) . Similarly, depolymerization of the actin cytoskeleton by cytochalasin D was without effect on the action of glutamate (Fig. 5F ). To test the require- • p Ͻ 0.05.
ment of myosin-actin interactions for the morphological changes, the myosin light-chain kinase inhibitor ML7 was preincubated, but this also failed to inhibit the action of glutamate (Fig.  5F ). Apparently the observed responses do not require alterations of the microtubule organization or other alterations of the cytoskeleton. Another possible explanation of how retinal glial cell processes in the IPL might become thinner during glutamate application is "simple" mechanical compression by the swollen cell somata and processes that should be reflected in a shrinkage of the extracellular space. To investigate volume alterations of the extracellular space, the concentration of TMA ϩ in the IPL was measured by using TMA ϩ -containing bath solution and TMA ϩ -sensitive microelectrodes. Bath application of L-glutamate resulted in a reversible increase of the extracellular TMA ϩ concentration by ϳ22% after 10 min agonist exposure (Fig. 6B) , which suggests a decrease of the extracellular space volume by ϳ18%. The time dependence of the TMA ϩ concentration changes was found to be similar to the glutamate-evoked morphological changes of glial cell processes, during both agonist exposure and washout (Fig. 6A ).
K
؉ -evoked morphological alterations Elevation of the K ϩ concentration in the bath solution from 3 to 50 mM resulted in a decrease of the area of glial cell profiles in the IPL (Fig. 7A) . Additionally, dark spherical structures appeared in the IPL between the glial cell profiles, likely representing swollen synaptic elements. In contrast to the effect of glutamate, the effect of the high-K ϩ solution was fast and transient: the maximal effect (a decrease by ϳ50%) was observed after 3 min (Fig.  7B) . When the high-K ϩ solution was applied for Ͼ3 min, the thickness of the glial trunks returned slowly to the control value, and a full recovery was observed after 120 min (Fig. 7B) . The K ϩ -evoked effect on glial cell shape was inhibited in the presence of the AMPA-kainate receptor blocker, CNQX, or of riluzole, an inhibitor of endogenous glutamate release (Fig.  7C) . The data suggest that the high-K ϩ effect on glial cells was caused by stimulation of endogenous glutamate release and AMPA-kainate receptor activation. The effect of high K ϩ was partially inhibited (by ϳ50%) by simultaneous application of the K ϩ channel blocker Ba 2ϩ or TEA (Fig. 7D) . Simultaneous application of both blockers caused no enhancement of the blocking effect (data not shown). Similarly, in the presence of a Ca 2ϩ -free extracellular solution, the effect of high K ϩ was partially blocked (Fig. 7D) , and TEA did not show any additional inhibiting effect (Fig. 7D) The bath application of the high-K ϩ solution caused a nearly complete release of endogenous glutamate stores because a second application of this solution, after a 45 min washout period, caused only a slight, nonsignificant effect on glial cell process diameter (by 5%) (Fig. 7E) . When the slices were superfused with a solution containing glutamine (the precursor of neuronal glutamate synthesis), however, the second application of the high-K ϩ solution induced a significantly stronger effect on glial cells (by 22%; p Ͻ 0.05). As control, glutamate (1 mM) was applied and decreased the thickness of the glial cell processes by ϳ40%.
Dopamine-evoked morphological alterations
Another way that neuronal AMPA-kainate receptor activation may induce effects on glial cells might be the stimulation of receptors on glial cells by neuronally released bioactive substances. Retinal glial cells express purinergic P2 receptors (Newman, 2001 ) that may be activated by neuron-or glia-derived ATP (Santos et al., 1999; Newman, 2001) ; however, bath application of ATP (200 M) had no effect on Müller cell morphology and did not block the effect of glutamate (Fig. 8 A) . A segregation of ATP-and glutamateevoked signaling is also indicated by the results of the calcium imaging experiments shown above (Fig. 4) . Similarly, GABA (1 mM) application had no significant effects on glial cell morphology and failed to modify the action of glutamate (Fig. 8 A) . In contrast, application of dopamine (100 M) resulted in a significant decrease of the area of glial cell profiles in the IPL (by ϳ10%) and amplified the effect of glutamate (Fig. 8 A) . The dopamine effect is mediated by stimulation of endogenous glutamate release and subsequent AMPA-kainate receptor activation, as shown by its inhibition in the presence of CNQX (Fig. 8 B) . When dopamine was applied for longer time periods, it became evident that its effect on glial cells was transient, with a maximal effect after ϳ10 min and no remaining effect after ϳ25 min (Fig. 8C) .
Dopamine plays a crucial role in retinal light adaptation and in the signaling of night-day transitions of retinal activity, with increased dopamine release in the light (Morgan and Boelen, 1996) . Therefore, we investigated the effects of agonists and high K ϩ on glial cell morphology both during normal room light and under dark conditions. Under control conditions, the area of glial cell profiles in the IPL was slightly but not significantly smaller in the dark than in the light (Fig. 9A) , probably a reflection of a slightly elevated endogenous glutamate release in the dark. Application of glutamate in the dark resulted in faster and stronger changes of the glial cell morphology than in the light; the difference was significant ( p Ͻ 0.05) after a 10 min exposure (Fig. 9B) . Furthermore, the high-K ϩ response after 5 min was stronger in the dark. It is noteworthy that although dopamine evoked an ϩ -free or low-Cl Ϫ extracellular solutions reversed the morphological effect of glutamate. The K ϩ channel blockers TEA (10 mM) and Ba 2ϩ (1 mM), the Na-K-2Cl cotransport blocker furosemide (5 mM), and the Cl Ϫ channel blockers flufenamic acid (500 M), NPPB (100 M), and picrotoxin (200 M) did not inhibit the glutamate effect. The low-Cl Ϫ extracellular solutions were made by exchanging NaCl with either sodium gluconate or sodium methylsulfate. B, Ca 2ϩ -free extracellular solution or a solution that was supplemented with TTX (1 M) plus Cd 2ϩ (100 M) did not alter the glutamate-evoked effects on glial cell morphology. C, Effect of solutions with different osmolarities on the cross-sectional area of glial cell trunks. The osmolarity was changed by alterations of the NaCl concentration in the extracellular solution. D, Effect of an extracellular solution that was diluted to 60% ionic strength. E, Addition of taurine (20 mM) to the extracellular solution did not change the glutamate-evoked morphological alterations. F, Nocodazol (10 g/ml; preincubation for 2 hr at room temperature), a microtubuli destabilizing drug, did not alter the glutamate effect on the glial cell morphology. Similarly, cytochalasin D (1 g/ml; preincubation for 15 min), which disrupts the actin cytoskeleton, and ML7 (50 M; preincubation for 1.5 hr), an inhibitor of the myosin light-chain kinase, did not inhibit the action of glutamate. The effects of glutamate (1 mM) and ions were measured after a 10 min exposure. Recovery was measured after 15 min washout. Means Ϯ SEM of three to six experiments. Significant differences versus control:
001. Significant effects of the blocker and of washout:
⅙ p Ͻ 0.05. ϩ concentration in the IPL before (control) and 10 min after the onset of glutamate (1 mM) exposure (n ϭ 5).
•• p Ͻ 0.01.
effect on the glial cell morphology in the light after 10 min, it was ineffective in the dark ( p Ͻ 0.05). This suggests that the dopaminergic-and K ϩ -induced stimulations of endogenous glutamate release are dependent on dark versus light conditions.
Ischemia-induced morphological alterations
The excitotoxicity of excessively released glutamate is suggested to be one main cause of neuronal cell degeneration in the retina during ischemia-reperfusion (Osborne et al., 2004) . To reveal whether transient ischemia causes morphological alterations in the guinea pig retina, retinal whole mounts and slices were acutely isolated immediately after the end of 60 min of pressureinduced ischemia in vivo. As shown above for acute application of glutamate, the cross-sectional areas of the glial cell profiles in the IPL were significantly smaller in the postischemic retina compared with control (by 10%) (Fig. 10 A) , whereas the crosssectional areas of neuronal cell bodies in the GCL were significantly thicker (by 12%) (Fig. 10 B) . These morphological alterations of retinal cells were accompanied by a thickening of the whole retinal tissue compared with control (Fig. 10C, left) , with a thickening of the IPL by 13% (Fig. 10C, right) . Together, the morphological alterations caused by ischemia were similar to that observed during acute application of glutamate.
Discussion
Glutamate-evoked morphological changes Nonpathological neuronal excitation has been described as inducing a moderate swelling of astrocytes (Amzica and Neckelmann, 1999) , likely attributable to uptake of released K ϩ and glutamate (Kimelberg, 2000; Vargová et al., 2001 ). Here we show that retinal glial cell processes decrease their thickness when neuronal cell structures swell because of excitation evoked by glutamate, kainate, dopamine, or high K ϩ that is accompanied by an elongation of the cells and a thickening of the whole retinal tissue. Although the effects of kainate and glutamate continued as long as the agonists were applied, high K ϩ and dopamine evoked transient responses. The latter effects were mediated by stimulation of endogenous glutamate release and subsequent activation of AMPA-kainate receptors. Most probably, the swelling-inducing effect of glutamate is mediated by an influx of Na ϩ ions through open AMPA-kainate receptor channels, supported by a Cl Ϫ influx and accompanied by water entry into retinal neurons. In addition to the swelling of neuronal cell bodies in the GCL and INL, a swelling of synaptic structures in the IPL may occur. This assumption is supported by the observation of a decreasing volume of the extracellular space during glutamate exposure (Fig. 6) , as well as by the high-K ϩ -evoked appearance of spherical structures in the space between the glial cell profiles (Fig. 7A) . The glutamateevoked reshaping of retinal glial cells is probably secondary to the AMPA-kainate receptor activation on neuronal cells because several approaches using electrophysiological and calcium imaging techniques failed to reveal the expression of such receptors on glial cells of the guinea pig retina (Fig. 4) . Furthermore, although it has been suggested that retinal glial cells express functional D 2 receptors (Biedermann et al., 1995) , dopamine is assumed to induce its morphological effect not directly via receptor stimulation on glial cells because the effect was dependent on AMPA-kainate receptor stimulation (Fig. 8C) .
Mechanism of glial cell morphological alterations
The mechanism of the glutamate-evoked decrease of the thickness of glial stem processes is unclear. Until now, only a glutamate-evoked swelling of retinal glial cells has been described. It occurred after longer incubation time periods (at least 1 hr) and is thought to be mediated by the Na ϩ transport that drives the uptake of glutamate (Izumi et al., 1996) . Likewise, elevated extracellular K ϩ has been shown to cause astrocytic cell swelling (Syková and Orkand, 1980; Walz and Hinks, 1985; Anderova et al., 2001; MacVicar et al., 2002) . Rapid glutamate-or K ϩ -evoked morphological alterations of retinal glial cells (i.e., thinning and elongation of stem processes) have never been described. Although Na ϩ -free extracellular solution blocked the glutamate effect on the glial cells described here, this effect is certainly not mediated by glutamate transporters, because it was not modified by selective blockers (Fig. 3F ) and because an elevated extracellular Na ϩ concentration resulted in a thickening of glial stem processes (Fig. 5C) .
To elucidate how neuronal AMPA-kainate receptor activa- (1 mM) or TEA (10 mM) and in the presence of a Ca 2ϩ -free extracellular solution (with or without 10 mM TEA). E, The presence of glutamine in the extracellular solution partially restored the effect of high K ϩ on the glial morphology during a second application. The whole mounts were superfused for 10 min with a high-K ϩ (50 mM) solution that decreased the thickness of glial cell profiles by ϳ40% (left). Subsequently, the high-K ϩ solution was washed out for 45 min in the absence or presence of glutamine (250 M) (recovery; middle), and then the high-K ϩ solution was again applied for 10 min (right). As control, glutamate (1 mM) was tested. The cross-sectional areas of the glial cell profiles in the IPL are given as percentage of control (100%). In C and D, the effects were measured after 10 min exposures. Data were obtained in 3-17 independent experiments. Significant effect versus control:
• p Ͻ 0.05; excitation received from ON-bipolar cells (Gustincich et al., 1997) . The present results suggest that not only is the release of dopamine a subject of light-dark adaptation but also the dopaminergic receptor-expressing glutamatergic cells, responding in light with glutamate release after dopamine exposure, do not respond to dopaminergic stimulation in the dark. Different intracellular levels of cAMP in retinal cells of light-and darkadapted animals (Vaquero et al., 2001 ) may play a role in this different responsiveness of glutamatergic cells.
Functional relevance
The dynamic morphological changes of retinal glial cells, with their ability to decrease their thickness and to elongate when neuronal cell structures swell, may limit the volume changes of the extracellular space. Theoretically, a neuronal cell swelling by ϳ40% should cause a reduction of the volume of the extracellular space by ϳ70%; however, we found a volume decrease of only ϳ18% during glutamate exposure (Fig. 6) . A stronger extracellular volume decrease, which should severely impair the homeostasis of extracellular ions and neuroactive substances, is apparently prevented by the "compensatory" reshaping of glial cells. This effect should be even more important under pathological conditions, such as epilepsy (Glass and Dragunow, 1995) or ischemia, that cause excessive glutamate release (Adachi et al., 1972; Osborne et al., 2004) and functional downregulation of glial glutamate uptake (Barnett et al., 2001) . Thus, this mechanism may help to decrease the extent of glutamate toxicity. The results of the ischemia-evoked thickening of the retinal tissue (Fig. 10 ) may suggest that edema formation in the ischemic tissue is caused, at least in part, by glutamate-evoked neuronal cell swelling; however, dynamic morphological alterations of glial cells may also support regular neuronal information processing in the healthy retina.
In the rabbit retina, kainate responses were recorded from various types of neuronal cells (Marc, 1999) . The light responses of most retinal neurons are mediated primarily by AMPA receptors that desensitize to a maintained plateau (Thoreson and Witkovsky, 1999) . The ability of glial cells to change their morphology in dependence on the neuronal activity might be particularly important in the retina, where most of the neurons display sustained potentials. We suggest that our observation may allow indirect visualization of the sustained functional state of neuronal AMPA receptors, via recording the shape of glial cells, in experiments on retinal whole mounts. Figure 10 . Pressure-induced ischemia of guinea-pig retinas causes morphological alterations that are similar to those observed during acute exposure to glutamate. Immediately after the end of a 1 hr elevation of the intraocular pressure above the systolic blood pressure, the retinas were acutely isolated and the Müller glial cells were labeled with Mitotracker Orange. A, Left, The views of the deep IPL display thinner Müller cell profiles (light round structures) in the ischemic retina compared with the control retina. Right, Mean cross-sectional area of the glial cell profiles in the IPL. B, Mean cross-sectional areas of neuronal cell bodies within the GCL-NFL. C, Acutely isolated ischemic retinas are thicker as control retinas. Left, Examples of retinal slices; the intrinsic optical signals were recorded. Right, Mean thickness of the IPL in retinal slices (in micrometers). The data were obtained in three independent experiments.
• p Ͻ 0.05. Scale bars, 25 m.
